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The enzyme's structure-based function relationship suggested that pyruvate kinase
regulation acts as a pivotal step in the energy management of Mycobacterium
tuberculosis during infection. The present study aims to understand the network of
interactions between the ligands Adenosine monophosphate (AMP) and Glucose-6-
phosphate (G6P) during their allosteric regulation of pyruvate kinase (pyk) from M.
tuberculosis with its imposed structural stability via dynamic domain fluctuations and
signal propagation using molecular dynamics simulations studies. The results revealed
that the molecular re-arrangement and associated conformational modifications after
the smooth binding of AMP and G6P to pyruvate kinase result in reduced enzyme
flexibility. Further, based on the signal propagation rate, the residues involved in the
mediation of allosteric communication between the domains during fluctuation to
regulate pyruvate kinase enzyme allosterism were predicted. The synergistic assistance
of two allosteric binding sites for AMP and G6P in M. tuberculosis pyk monomer
provides a piece of evidence for the existence of two physical allosteric pathways in the
bacterium to regulate several metabolic processes.

INTRODUCTION

an anaerobic state can be observed. This shift also affects the
gene expression of the glycolytic pathway enzymes [2].

Global exploration on multi-drug resistance research survey
among the Mycobacterial clinical isolates has revealed the
elevated tuberculosis incidents in recent times [1]. The
human hosts get infected inside the alveolar tissues of the
lungs by inhaling the infectious aerosols. After infection, a
long period of the quiescent state is established in the
pathogen, during which the metabolic shift from aerobic to

The details of bacterial metabolism and physiology
during the infection process are limited. Thus, understanding
the importance of nutrients in the hostile microenvironment
becomes vital to access metabolic regulations adopted by the
pathogen during growth and replication [3—8]. The genome
sequence data helps in this regard by characterizing the
pathways involved in the growth and replication of the
pathogen and deciphers the variations in species-specific
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enzymes [9]. The genome sequence of M. tuberculosis (Mtb)
can thus provide an opportunity to spot the genes involved
in glucose metabolism [10]. The differences in the
biochemical properties of metabolic enzymes and their
structural variations across different species can also be
exploited to understand the infection mechanism and later
can be used to identify drug targets specific to metabolic
pathways.

The study of structural features in relation to functions is
of prime importance to understand the effect of regulatory
molecules on the allosteric nature of pyruvate kinase.
Structurally, the bacterial pyruvate kinase comprises three
distinct domains, viz, A, B, and C. The cleft between the A
and B domain (lid domain) forms the active site location for
substrate binding, while the C-domain harbours a canonical
AMP allosteric site. The region between A and C domain
provides an allosteric binding site for glucose-6-phosphate
(G6P) [11-13]. Pyruvate kinase undergoes tight allosteric
regulation, which allows the tetramerization through A and
C domain interacting with adjacent monomer subunits
leading to the formation of large A-A interface in A domain
and small C-C interface in adjacent C domain between
monomers [12, 14]. In M. tuberculosis, the pyruvate kinase
requires disruption of C-C interface interactions between the
AMP loop and C-terminal tail loop in addition to the
formation of hydrogen bonds between adjacent Ca4
structures. This interplay between the AMP loop and the C-
terminal tail loop facilitates the transition between tensed T’
state and the relaxed ‘R’ state of the regulation of pyk [15-
18]. The binding of effectors (G6P and AMP) or substrate
(PEP) molecule to pyruvate kinase will manifest its allosteric
behaviour [19]. Allosteric regulation serves as an important
mechanism that controls multiple cellular processes like
signal transduction, transcription and metabolism [8] .

An alteration in protein conformation is mediated by
allosteric effects with the contribution of entropy rather than
protein structure. The conformational modification of the
active site is associated with the allosteric effect that
transmits signals throughout the protein [17]. Moreover, the
allosteric mechanism and structural foundation to analyse
the mode of transition leading to the formation of various
conformations of pyruvate kinase due to flexible regions
could provide an opportunity to design new strategies to
target M. tuberculosis connected health problems.
Accordingly, we have described the Molecular Dynamics
(MD) of pyruvate kinase monomer in the absence and
presence of allosteric effectors (AMP and G6P) using
computational simulations. The investigation is based on the
computational modelling of M. tuberculosis pyk protein for
deciphering the structure-based physiological effect of
binding of AMP and G6P at the allosteric site, which could
be a potential target for future therapeutic research.

MATERIALS AND METHODS

Molecular Docking of Allosteric Activators

The comparative modelling was performed to obtain the 3D
structure of the target pyruvate kinase protein using the
MODELLER software suite [20] and validated as described
in our earlier work [21]. For docking studies, the structures
of phosphoenolpyruvate (CID: 1005: PEP), Glucose-6-
phosphate (CID: 5958: G6P) and Adenosine monophosphate
(CID: 6083: AMP) were retrieved from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) [22]. The
selected 3D structures of the ligands were further optimized
with Chemsketch V.12.01software [23].

Prior to the docking analysis, the prominent binding site
of pyruvate kinase was predicted using AlloSite version 2.0
[24, 25]. Autodock tools was used for molecular docking to
analyse the binding energies, and the docked complex was
used for molecular dynamic simulations [26, 27]. Briefly, the
Lamarckian genetic algorithm (LGA) implemented in
AutoDock V.4.2 was employed in the study [28]. For the
ligand molecules, all the torsions were allowed to rotate
during docking. The grid box was set around the residues
forming the active pocket [27, 29], and the Grid log file was
generated using AutoGrid program and the pseudo-Solis and
Wets methods were applied for energy minimization using
default parameters to generate dock parameter file [30].

Molecular Dynamic (MD) Simulations

The MD simulation was carried out for the structure obtained
from homology modelling of pyruvate kinase as native
structure and for the docked complexes. The GROMACS
(GROningen MAchine for Chemical Simulation) package
version 4.5.5 [31] was used to conduct all the simulations,
with the GROMACS force field 4301 parameter sets. The
solvation of starting structures was attained in a
dodecahedron box placed at a distance of 0.9 nm from the
box boundary. A coupling time of 0.4 ps was used to couple
the solute and the solvent separated to a temperature
reservoir. The NPT equilibrium was achieved by
maintaining the pressure isotropically at 1 bar through a
coupling constant of 0.1 ps utilizing the Berendsen
thermostat [32]. A Leapfrog algorithm was equated by
integrating motions with a time step of 2 fm. The SHAKE
algorithm [33] was used to constrain the covalent bond
length between hydrogen and heavy atoms with a relative
geometric tolerance of 0.0001. A steepest-descent
minimization protocol was considered for equilibration [34].

Principal Component Analysis (PCA)

Principal components stand as a valuable tool for analyzing
the conformational changes which are performed on
Cartesian coordinates or dihedral analysis ({PCA). A typical
MD trajectory which contains time-evaluated information
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was used for principal component analysis to extract
dominant modes in the motion of the molecular complex.
This MD step is an order of 1 fm with the time ranging from
one to ten nanoseconds (ns) for the simulation with a
resulting trajectory of huge data that can be extracted
accordingly. The concerted atomic displacements from the
set of experimental structures will feature large
conformational changes within the structure, which can be
evaluated by principal component analysis [35], as the
physiological functions of a protein depended on these
motions. In the PCA, the input system possessing N atoms
was constructed as a trajectory matrix by specifying each
column with Cartesian coordinates for a given atom of each
output time step. During PCA, the trajectory data generated
by a long-time MD simulation were processed in
diagonalization of 3N covariance matrices. MD-PCA was
performed with the same thermostatic environment as in
reference molecule simulation with a time step dependent
ignoring overall rotation and translation [36].

Covariance Matrix

The final MD trajectories were used for the construction of
covariance matrix. The degree of co-linearity of atomic
motion was captured for each pair of the atoms to obtain a
covariance matrix in the PCA. The subsequent
diagonalization of the covariance matrix yields an
eigenvector matrix and eigenvalues with a diagonal matrix.
Eigenvectors describe the collective motions of the particles
with values that indicate the corresponding atomic motions.
The associated eigenvalues describe the sum of fluctuations
by the collective individual atomic motions, which in total
measures the modelling associated with eigenvectors [37].

Elastic Network Models to Study the Collective
Dynamics of Pyruvate Kinase

The information on conformational dynamics of pyruvate
kinase from M. tuberculosis was determined by using
DynOmics web server (http://dynomics.pitt.edu/) [38]. The
server evaluates molecular motions for reconstructing all
atomic resolutions, mean-square fluctuations profile and
comparison with B-factors, shape, dispersion and degree of
collectivity of individual modes of motions and cross-
correlation between residue fluctuations, IDD-based domain
separations, PFSs derived from mode shape, residues acting
as sensors and effectors or mediators of allosteric
communication, based on signal propagation (hitting) rates

and key residues that potentially mediate allosteric
communication [38].

RESULTS
Interaction of Enzyme with Allosteric Activators

The binding mode of the allosteric activators adenosine-5'-
monophosphate (AMP) and alucose-6 phosphate (G6P) with
the enzyme pyruvate kinase from M. tuberculosis, performed
using Autodock 4.2 followed by visualization of the docked
complexes by Discovery Studio software (Figure 1). Table 1
details the prominent binding sites predicted by AlloSite
version 2.0. The predicted binding energy for the interactions
of the target enzyme with G6P was -6.3 Kcal/mol indicating
the strong binding energy of the activator; on the other hand,
the binding energy of AMP was -7.6 Kcal/mol indicating the
stronger binding towards pyk (Table 2). Docking analysis
has revealed the involvement of arginine, leucine,
asparagine, serine, threonine, valine, lysine, aspartic acid,
glutamine, tryptophan, proline, histidine and phenylalanine
as most prominent amino acid residues in forming the
binding site signifying their role in determining the binding
strength and reaction contribution in the formation of H-
bonds (SI 3). The formation of hydrophobic interactions,
Van der Waals forces, ionic bonds, charged interactions and
H-bonds are contributed by the amino acid residues such as
Pro, His, Gly and Glu. Global energy score, attractive or
repulsive Van der Waals, and ACE and predicted binding
energy were considered for the analysis of the binding
strength of docked complexes, pyk-G6P and pyk-AMP,
respectively (SI 4).

Molecular Dynamics of pyk Associated with Allosteric
Regulation

Selection of Structures for MD Simulation

The folded structure of pyruvate kinase in M. tuberculosis
consists of three conserved domains of which A-domain
comprises of the residues from 1-70 and 168-336, the B-
domain which forms the mobile lid comprises the residues
from 71-167 and the C-domain that span the effector site,
comprises of the residues from 337-472. The AMP binding
loop comprises residues 451-458 and G6P binding loop with
residues 345-349 (SI 1). For detailed comparison of the M.
tuberculosis pyruvate kinase, the structure without ligand in
the T-state and the docked complexes with G6P and AMP
were considered for molecular dynamics simulation.

-117 -



MIJBMB, 2021, 1, 115 - 128

AMP bind at ac-core of pyk

G6P bound at allosteric site of pyk

Figure 1: The allosteric site of M. tuberculosis Pyk indicating the binding modes of AMP and G6P. The binding mode of effector molecules
and interacting residues are indicated in a circular image.
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Table 1: Prominent binding site and their residues identification of pyruvate kinase protein model by MetaPocket 2.0 server and reported
binding site residues.

Protein name Predicted prominent binding site residues Reported binding site
residues

Pyruvate Binding site: 1

Kinase (PyK) LEU11 GLY12 PRO13 GLN16 ALA47 Lys72, Arg74, Asn35,
MET34 HIS44 ASP43 GLY39 HIS38 Leu68, Asp67, Ser37,
SER314 ASN35 THR10 VAL315 ARG33 Arg266, Leu301,
SER310 GLY311 THR276 MET308 ASP244 Thr338,
ASP67 LYS218 GLU220 GLN277 ASP280 Ser337, Trp409,
ALA241 MET239 SER37 PHE192 SER191 Phel92,
ALA275 LEU68 GLN69 GLY243 ARG74 Aspl26, Val247,
ILE283 GLU312 MET278 ASP126 VAL247 Asp244,
LYS72 PRO71 GLY156 SER158 GLY70 Gly303, His387,
ASP125 LYS155 GLU248 LYS221 ARG242 Val300,
GLY246 ASN154 ILE157 LEU251 SER170 Glu334, Pro342
GLU171 LYS172 ILE73 ARG1%4 VAL164
LEU159 VAL254 ALA166 PRO160 MET162
PRO255 GLN258 ASP295 LYS259 ASP302
ASN298 LEU256 TYR109 LEU112 ILE93
VAL9S THR107 ASP139 VALI141 ALAI113
LYS110 ASP140 ALA116 VAL122 LEU131
ASP115 ASP120 ARGI111 ASN163 ASP173
THR165 ASP40 VALA46 ALA14 LEU169
THR108 PRO167 ALA168 GLY127 PRO222
Binding site: 2
MET239 ILE273
Binding site: 3
ARG211 ARG212 ASP236 ARG381 VAL213
PRO214 MET187 PRO271 GLN404 MET407
ILE216 ALA237 PHE373 THR374 GLN375
THR396 ALA397 VALA416 TRP398 VAL401
GLU400 LYS418 SER376 VAL272 ILE273
ASP305 ALA306 VAL456 HIS203 MET206
VAL215 ASP207 ALA234 VAL199 PHE235
ASP378 GLY454 THR455 PROA453 GLY377
LYS270 ALA269 ARG382 ARG351 THR379
ASN268 ARG385 VAL232 LEU233 GLU267
GLU229 ALA230 MET264 THR349 PRO347
ARG266 GLY352 ILE346 LEU386 SER355
TYR356 ARG348 VAL353 LYS350 HIS345
LEU343
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Table 2: Molecular Docking of pyruvate kinase from M. tuberculosis with AMP and G6P

Protein-Ligand Interaction
. Binding Ener i i i
ey | Number ot | RS aticd [ Ditmnceineen T tarophonic
bonds . . Interactions
interactions molecule (A)
Adenosine -7.4 6 Lys 72 2.98 Phe 192
monophosphate Arg 74 2.96; 3.06 Asp 126
(AMP) Asn 35 327 Val 247
Leu 68 2.96 Asp 244
Asp 67 3.01
Ser 37 3.01
Glucose-6-phosphate -6.3 5 Arg 266 3.09; 3.18 Gly 303
(Go6P) Leu 301 3.04 His 387
Thr 338 3.01;3.04 Val 300
Ser 337 2.97;2.96 Glu 334
Trp 409 2.93 Pro 342

Conformational Flexibility and Stability Analysis

All the backbone atoms relative to the three trajectories for
pyk, pyk-AMP and pyk-G6P models were analysed with
respect to root-mean-square deviations (RMSD) to
determine the system equilibrium. It is frequently observed
that the stability of the system was indicated by small RMSD
values and additionally the experimental structures were
constructed by newly constructed models. However, large
conformational changes are justified by higher RMSD
values [39]. The pairwise distance distribution (distance
RMSD) was used to analyse the structural and dynamic
differences in the native and ligand-bound pyk structure
from the M. tuberculosis. During the simulation, the
interaction distance is calculated at each time factor and the
frequency distribution of the distance between a pair of
residues as plotted in Figure 2A.

The RMSF of the backbone atoms of each residue in the
pyk, pyk-AMP and pyk-G6P complex was analysed to check
the flexibility of the enzyme backbone structure. The RMSF
graph for unbound and bound complexes of pyruvate kinase
with G6P and AMP is shown in Figure 2B. pyk-AMP
complex attained a high level of fluctuation in the residue
positions 90-100. The residues 280-300 have shown great
fluctuation from 0.35- 0.4 nm and the fluctuations at certain
residues are seen to be very high and large. In contrast, the
residues 70-100 of pyk-G6P complex had shown maximum
fluctuation. Further information on RMSD and RMSF is
provided in SI 5 and SI 6.

Intermolecular Hydrogen Bonds Stabilize the Enzyme
Complex

The stabilization of the protein-ligand complex is achieved
by the formation of intermolecular H-bonds between the
protein and ligand. The stability of the hydrogen bond

network formed between G6P and AMP is calculated
throughout 10 ns simulation period. The total number of H-
bonds in the pyk-G6P and pyk-AMP versus time at 300K is
shown in Figure 2C. Pyk-G6P complex exhibited continuous
formation of H-bonds throughout the simulation period,
indicating G6P binding is stablizing the pyk (Figure 2C).

Analysis of Correlation and Minimum-Distance Matrices

The particular residue fluctuations can be analysed by B-
factors. No notable information is provided by the B-factor
analyses about the correlation between fluctuations of two
different residues. The ARi and ARj of i and j" a-carbon is
the measure of their fluctuations which can be assessed by
calculating the projection of one on another, i.e., <ARi.ARj>
at every instant and averaging over the full trajectory. The
positive correlation of <ARi.ARj> indicates that the two
residues move, on average in the same direction. The
positive correlation indicates the movement of two residues
on average in the same direction, while, a negative
correlation shows the movement of two atoms in the
opposite direction. The displacement of two residues equally
in the same direction suggests that their motions are
positively correlated [40]. The correlation plots obtained
show (Figure 3A) that the magnitude of anticorrelated
movements of the active site of an enzyme (cleft between A
and B domain) is reduced upon the binding of G6P and
AMP, which support that G6P decreases molecular motions
leading to the formation of stable conformation. These
correlated motions of the pyruvate kinase show that G6P
binding keeps the enzyme in active R-state conformation.
The transition from 'T' to 'R’ state of Mtb-pyk suggests that
the substrate PEP binds to a distinct active site other than the
short o-helix effector binding site adopting an ordered
conformation.
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upon effector molecule binding.
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The shaded regions shown in Figure 3B1 suggest that the
pyk is strongly anticorrelated than those of the holo-
structures of pyk bound with ligands. This shows that the
ligand binding decreases the negative correlation of the
mobile B-domain and its binding region (C-domain). The
ligand G6P sits in the effector binding pocket by interaction
with Leu301, Arg266, Thr338, Ser337 and Trp409. The
distance between these residues with G6P bound is 3.04 A,
3.18A,3.04 A,2.97 A and 2.93 A, respectively(Figure 3B3).
The motions of the AC-cores in pyk require the disruption of
C-C interface interactions between the AMP loop (Figure
3B2) and the C-terminal tail loop as well as the hydrogen
bonds formed between the two adjacent Co4 structures.

The distance between all residues of the protein was
obtained by symmetrical matrix analysis. By plotting these
matrices for different time frames on protein complexes of
the simulation, changes in the conformation of a protein can
be obtained. In our analysis, a total of 10 matrices for 472
residues for every 1000ps were plotted to study the changes
in the structure (SI 7). Minimum distance between two
residues is the smallest distance between any pair of atoms
showing changes in the structure. Plotting these matrices for
different time frames, one can analyse changes in the
structure. During the entire simulation, there is a large ratio
increase in the number of contacts between the residues with
nearly 1250 ratios. As Figure 3B shows the time scale of all
the simulations, there is a minimum distance between the
residues of the protein groups at nearly 7800 ps with 0.0999.

Global Motions in Pyruvate Kinase

The theoretical and experimental B-factors are compared
using two corresponding 2D interactive graphs that provide
experimental data on the spatial fluctuations of atoms in a
crystal environment (SI 8.1). The movement of the structural
elements together in the particular mode is given by
measuring the degree of collectivity of a given mode. The
high degree collectivity of a mode related to functional
importance, which seems to be found at the low-frequency
end of the spectrum (SI 8.2). Higher values of frequency
distribution indicate a low-frequency slowest mode, which is
high relative to the biological function (SI 8.3).

Functional Site Analysis Based on Dynamics
The functional site and signal communication of pyk-G6P

and pyk-AMP was predicted by using elastic network model
(EMN) 1.0. Computing the monomeric pyruvate kinase in

complex with AMP and G6P using the COMPACT
algorithm with two slowest Gaussian network model (GNM)
modes show that the allosteric site which is predicted with
high sensitivity and moderate specificity (Figure 4). The
residues Val238, Asp305, Metd407, Lys270, Leul90, Lys6,
Arg242, Leu228, and Asn35 are predicted as potential
functional sites (PFSs) in the given structure complex.

All PFSs including allosteric sites were verified to be
conserved in support of their functional significance. The
signalling/communication sites obtained for pyruvate kinase
in complex with AMP and G6P were shown in Figure 5. The
left panel displays the hitting times [41], Hij organized in a
2D map, color-coded from red to blue, in the order of
increasing hitting time.

The graph-theoretical concepts such as hitting and
communication times are based on the Markovian
processing of the signal across the network. The propensity
of residues to send signals (left-color coded) or to receive
signals (right-color coded) has been shown in Figure 5A and
5B. The higher propensity for allosteric communication was
achieved with small hitting times (as a receiver or
broadcaster) with the values for individual residues deduced
from the 2D maps (Figure 5C) by taking the average of rows
and columns in the matrix as indicated.

The signalling rate is direction-dependent, illustrating the
matrix as asymmetric. The profile on the right hand (average
column vector) side shows the predisposition of particular
residues to receive signals. A minimal hitting (average of
overall signal communicating sites) was exhibited by
catalytic residues as found in earlier observations shown in
Figure 5. The strength of the response by residue i to the
perturbation at residue j was described by color code map
[42]. The residues highly sensitive to perturbations were
indicated by peaks with average profile and could serve as
effectors or sensors, respectively.

The sensor and effector residues were also predicted as
illustrated in Figure 6, where residues with high sensor or
effector are shown in dark red color. The lowest frequency
mode 1 of the pyruvate kinase complex was sampled based
on the RMSD of 4 A with respect to the 3D structure. The
PRS map as illustrated in Figure 6, dark red color shows
strong responses and the peaks along the curve indicate the
residues that can potentially serve as sensors and effectors.
Cross-correlations between residue motions in the presence
of AMP and G6P, based on 20 softest modes are illustrated
in the map. The peak along the curve indicates that the
residues can potentially serve as sensors (below the map) and
effectors (right side of the map). (SI 8.4 — SI 8.8).
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Val238 Met207 Leu228
Asp305 Lys270 Asn35
Leul90
Lys6
Arg242

Figure 4: Potential Functional sites (PFSs) predicted by COMPACT implemented in ENM 1.0 illustrated for the pyruvate kinase complex
with AMP and G6P (Shown in ball and stick representation).
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or on the map. (E) Matrix showing the commute time of signalling or communication of signals based on the function C(i, j) = H(i, j) + H(j,
i) which is symmetric.
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Figure 6: Effect of allosteric effectors (AMP and G6P) on the structural dynamics of pyruvate kinase. (A-B) Indicate the sensor and effector residues respectively.
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DISCUSSION

During glycolysis, the phosphoenolpyruvate and adenosine
diphosphate (ADP) are transformed into pyruvate and
adenosine  triphosphate = (ATP), catalysed by a
homotetrameric pyk as a final step of glycolysis. Further, the
pyruvate harbours into numerous metabolic pathways during
which pyruvate kinase acts as a hub protein and is perceived
to be a prime factor in regulating glycolytic energy
generation [43—47]. During the non-replicative state within
the host, M. tuberculosis relies on fatty acid metabolism [16],
despite glycolysis playing a major role under certain
circumstances in-vivo, as M. tuberculosis maintains a
functional intact flux throughout as a rate-limiting step in the
glycolytic pathway [48]. In-vivo studies in mice have
ensured that gluconeogenesis is indispensable for the
survival of M. tuberculosis, which indicates that the
glycolytic substrate cannot be extracted from the host [3].
Mycobacterium bovis containing an inactive pyruvate
kinase, corroborate this theory by demonstrating the inability
of the organism to metabolize fermentable carbon source
[49]. Fundamentally, pyruvate kinase facilitates glycolytic
and gluconeogenic substrates imperative for the
detoxification of sugar phosphates during glucose
metabolism besides fatty acid metabolism.

In-vitro evidence has shown multiple co-catabolism of
carbon sources all at once rather than the preference of
carbon catabolite repression (CCR) seen in M. tuberculosis
[50]. The experimental evidence from M. tuberculosis
suggests that the allosteric mechanism in pyruvate kinase is
regulated neither by fructose 1, 6-bisphosphate (FBP) nor by
ribose 5-phosphate (R5P), but by regulators such as glucose-
6-phosphate and AMP which show a prominent function in
carbon catabolic control through feed-forward fashion [6].

In the present work, high stability was observed in the
'T'-state of the enzyme (unbound) based on the RMSD values
of pyk. The protein in each conformation consists of three
domains such as A, B and C, i.e., A-domain forms a classic
(a/B)8 topology, the B-domain with a moderately irregular
fold (mobile lid) and C-domain with the alpha/beta
organization [42]. The structural transitions in the A-domain
and C-domain interface result in proximity and relative
rotation of two domains in the stable state, which is
confirmed by the variations observed in the RMSF plot
(Figure 2), suggesting large variations associated with
enzyme conformation in the ligand-bound holoenzyme. This
results in the transition of T-state (inactive) to R-state
(active), which comprises a rigid body rotation of 9° [51] at
the AC-core (A and C domain) assumed as a pivotal point.
Both the rigid domain movements and local flexibility are
found to be essentially required during allosteric regulation
of M. tuberculosis pyk notably during stress conditions (host
infection) to maintain the high level of carbon metabolism.
In this context, the shift between the T-state and R-state of
the enzyme is associated with the symmetrically vibrational
motions of the A and C-domain cores, which control the

regulatory switch [18]. The enzyme (pyk) in R-state is
stabilized by binding of substrate, whereas G6P (effector)
binding activates enzyme activity. Further, the molecular
motions of the pyk with and without G6P bound have shown
that the structure of pyk was found to be fluctuating slightly
more when compared to G6P bound pyk enzyme (Figure 1).
The RMSF for pyk alone over the time period of simulation
indicates relative instability and disorder of the a-helix (C-
domain), in comparison to the holoenzyme (pyk bound with
effectors G6P and AMP), which appears to be stable and
ordered (active R-state) during the period of simulation.

CONCLUSION

It is quite interesting to note that the change of correlation
upon binding of the effector molecule decreases the motions
of A-domain’s acidic residues. The matrices obtained are
consistent with the interpretation of the temperature factor
analysis, which forms the weakened anticorrelated
movements between the B-domain and A-domain residues
and between the C-domain residues. The interplay between
the AMP loop and the C-terminal chain loop favor the
formation of R-conformation during the transition between
T-and R-states. The G6P binding site in M. tuberculosis pyk
reveals the allosteric site is located distinctly from the AMP-
binding allosteric site, which is situated between the A and
C domains composed of helix Aa6, Cal, Co2 and G6P-loop.
The synergistic assistance of two allosteric binding sites for
AMP and G6P in M. tuberculosis pyk monomer provides
evidence for the existence of two physical allosteric
pathways in the bacterium to regulate several metabolic
processes.
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